Introduction
Solid-phase assay based on protein-protein interactions on a microarray has become an attractive protocol not only for the high throughput detection of various proteins, but also for proteomics research. 1 It allows fast and simultaneous detection of a number of addressable proteins in a single experiment. 2, 3 Protein-microarray technology uses surface chemistry for facile immobilization of the proteins onto a solid support for recognizing target proteins; also, a specific protein-protein interaction can be detected by fluorescence 4 or chemiluminescence (CL)-triggering enzyme-labeled probes, [5] [6] [7] such as horseradish peroxidase (HRP)-labeled streptavidin (HRP-SA), biotin-labeled HRP (b-HRP) and biotin-labeled alkaline phosphatase (b-ALP). Therefore, in a CL detection system utilizing HRP-catalyzed oxidation of luminol, one of the chemiluminogenic compounds has been widely applied to immunoassays due to high sensitivity of the detection, radioactivity-free handling and inexpensive instrumentation. [8] [9] [10] However, the conventional CL probes used in immunoassays are normally labeled with one molecule of the enzyme in the probe molecule, and thus the resulting CL signal is limited to measure the flash-mode CL intensity.
It is important to develop more sensitive probes that give a flash light-emitting signal for the CL-imaging detection of proteins, such as prion protein (PrP) on a microarray plate. Abnormal PrP (PrP Sc ) is an infectious protein that causes fatal neurodegenerative diseases known as transmissible spongiform encephalopathy (TSE). 11 Sensitive detection of PrP allows earlier diagnosis of the prion diseases, and assures a safer supply of meat foods.
Previously, CL polymers containing many luminol and biotin molecules in a dextran macromolecule were synthesized in our laboratory. 12,13 Thereafter, we found that the attachment of a number of signal-trigger enzymes, such as HRP in the dextran backbone, intensively improved the detection sensitivity of target proteins. Marquette et al.
14 developed dextran-based probes that contained plural molecules of HRP and biotin using commercially available and modified dextran (lysine fixable, MW = ca. 500 kDa). In the synthetic method, the carbohydrate moiety in the HRP molecule was covalently bound to an amino group of the lysine residue in the modified dextran molecule after periodate oxidation. The probe was used for the sensitive detection of anti-HIV-1 antibody on a microtiter plate, but not thoroughly evaluated for the relation between the number of the HRP amounts incorporated into the probe and its CL intensity.
In this study, we also synthesized dextran-based probes containing multiple molecules of HRP and biotin by different synthetic methods using inexpensive huge macromolecular dextran (MW = ca. 2000 kDa). The synthesized dextran-HRPbiotin probe can form a macromolecular assembly through specific biotin-streptavidin interaction in the presence of streptavidin (Fig. 1A) , which leads to a greater enhancement of the CL signal due to catalytic flash light emission from luminol by a number of HRP. Therefore, the dextran-based macromolecular probe was used for the first time to detect a small amount of mouse recombinant PrP (mrPrP) on a nylon membrane in combination with its specific antibody and streptavidin (Fig. 1B) .
The detection efficiency of the synthesised dextran-HRP-biotin probes was evaluated by comparing with a commercially available b-HRP. We synthesized dextran-based macromolecular probes carrying multiple molecules of horseradish peroxidase (HRP) as a signal-trigger enzyme and of biotin as an assembly mediator without losing the enzymatic activity. Multiple attachments of HRP and biotin to the dextran backbone were readily accomplished after the formation of aldehyde groups into the dextran macromolecule by periodate oxidation. The synthesized macromolecular probe was successfully used for sensitive chemiluminescence (CL)-imaging detection of mouse recombinant prion protein on a nylon membrane. The prion protein at a small amount of 20 fmol blotted on a nylon membrane was specifically detected, indicating at least a 10-times higher sensitivity than that of a conventional biotinylated HRP probe. Therefore, the synthesized dextran-based probes containing HRP and biotin should be used for the sensitive high-throughput analysis of various proteins on a solid-phase membrane. Ultrafiltration tubes to remove molecules of less than MW = 100 kDa were purchased from Millipore Corp. (Billerica, MA). The water was purified by a Millipore water-purification system.
Experimental

Synthesis of dextran-HRP-biotin probe
Dextran T2000 (200 mg) was dissolved in 40 mL of H2O, followed by precipitation with 400 mL of methanol and filtration through a glass filter. The precipitated dextran was dissolved in 25 mL of H2O and mixed with sodium periodate (159 mg, 743 μmol) under stirring at room temperature until the UV-absorption band at 310 nm, corresponding to periodate, disappeared. The partially oxidized dextran was purified by precipitation in methanol two times and dried overnight; then, 20 mL of an aqueous solution of biotin-AC5-hydrazide (10, 40 or 100 μmol) was added to 40 mL of an aqueous solution of the oxidized dextran, and the mixture was incubated at 37 C with moderate shaking for 1 day. HRP (1, 2 or 10 μmol) was then added to the reaction mixture in one portion and the mixture was stirred at 37 C for 1 day. The non-reduced dextran-HRP-biotin probe was obtained by ultrafiltration with centrifugal filters (molecular weight cut off <100 kDa) several times followed by lyophilization. For reducing the non-reduced dextran-HRP-biotin probe, the above-mentioned reaction mixture was cooled in an ice bath, and to the mixture was added sodium borohydride (30 mg, 793 μmol). The mixture was left stirring at 4 C for 6 h. The reduced dextran-HRP-biotin probe was purified in the same manner as described above. The purified probe was stored at -20 C until use.
Preparation of mrPrP
mrPrP was expressed as a fusion protein with maltose-binding protein (MBP) in Escherichia coli cells, after the cells were transformed by pMal-c2x plasmid coding the DNA sequence for MBP-mrPrP. The expressed fusion protein of MBP-mrPrP was purified by an amylase resin column. The cleavage of mrPrP from MBP-mrPrP (approximately 4 mg/mL) was performed with 40 μg of a protease, Factor Xa. Then, mrPrP was isolated by precipitation in an ice-water bath and confirmed by SDS-PAGE and immunochemical detection. 15 
CL detection of probes on a nylon membrane
The dextran-HRP-biotin probe (12.5, 25, 50, 100 and 200 amol) and b-HRP (500, 1000, 2000, 4000 and 8000 amol) were spotted on a nylon membrane and dried in vacuo for 10 min. The membrane was then immersed into a CL-emitting solution (H2O2, 4-iodophenol and luminol), which is commercially available as the LumiGLO ® kit, and then left standing for 60 s before CL detection for 2-min exposure time with a CCD camera running an operating system of Atto Densitograph Cool Saver (Ver. 2.0) (Light capture AE-6972 device, Atto Co., Tokyo, Japan). The data of CL imaging were analyzed with an Atto CS analyzer (Ver. 2.0).
CL detection of biotin-conjugated antibody
A nylon membrane was spotted with biotin-conjugated anti-rabbit IgG goat antibody (25, 50 and 100 fmol/spot) and anti-human IgG rabbit antibody (2000 fmol/spot). After drying in vacuo at 37 C for 10 min, the membrane was blocked with 2.0 mL of 6% (w/v) skimmed milk in 10 mM phosphate buffered saline (PBS, pH 7) at 37 C for 30 min. The membrane was then incubated with 2.0 mL of a mixture containing 1 nM dextran-HRP-biotin probe and 275 nM streptavidin or of 1 nM b-HRP and 10 nM streptavidin in 10 mM PBS (pH 7) with gentle shaking at 37 C for 90 min. The membrane was washed four times for 5 min with 5.0 mL of 10 mM PBS containing 1% (w/v) Triton X-100 for b-HRP and the reduced dextran-HRP-biotin or 3% (w/v) Triton X-100 for the non-reduced dextran-HRP-biotin probe.
The CL-imaging detection was performed as described above.
CL detection of mrPrP
A nylon membrane was spotted with mrPrP (100, 200 and 400 fmol/spot) and BSA (2000 fmol/spot).
After drying in vacuo at 37 C for 10 min, the membrane was blocked with 6% skimmed milk (2.0 mL) in 10 mM PBS (pH 7) at 37 C for 30 min. The membrane was washed with 5.0 mL of 10 mM PBS one time, followed by incubation with gentle shaking for 1.0 h at 37 C in 2.0 mL of anti-mouse PrP mouse monoclonal antibody diluted to 1/400 with 10 mM PBS (pH 7). After three-times washing with 5.0 mL each of 10 mM PBS (pH 7) containing 0.05% Triton X-100, the membrane was incubated at 37 C for 1.0 h with gentle shaking in 2.0 mL of biotin-conjugated anti-mouse IgG antibody (diluted to 1/1000) in 10 mM PBS (pH 7). After three-times washing with 5.0 mL of 10 mM PBS (pH 7) containing 0.05% Triton X-100, the membrane was finally incubated at 37 C for 1.0 h in 2.0 mL of the mixture of 2 nM dextran-HRP-biotin probe and 420 nM streptavidin or of 2 nM b-HRP and 20 nM streptavidin containing 10 mM PBS (pH 7) and 0.7% w/v skim milk in a 35-mm petri dish. The membrane was then washed for 5 min three times with 5.0 mL of 10 mM PBS containing 1% sodium lauryl sulfate and 1 mM EDTA. The CL-imaging detection was performed as described above.
Results and Discussion
Synthesis of dextran-HRP-biotin probe
The synthetic route to dextran-HRP-biotin probes is shown in Scheme 1. Dextran T2000 (glucose unit = ca. 12300) was first activated by the oxidation of diols in the macromolecule with sodium periodate. 16 Dextran is a water-soluble macromolecule, and thus a synthetic reaction can be achieved in water. However, a water-insoluble gummy material was formed when all glucose units were oxidized. It was found that partial oxidation of the glucose units with 0.6 equivalents of sodium periodate afforded a high yield of the water-soluble oxidized dextran with amine-functionalized nucleophiles. HRP has 7 lysine residues in the molecule, which should react with the aldehyde groups formed in the dextran macromolecule. Thus, HRP and biotin-AC5-hydrazide were reacted in the second step with the oxidized dextran.
When the oxidized dextran was reacted with HRP prior to the reaction with biotin-AC5-hydrazide, the incorporated number of biotin moiety into the macromolecule was decreased. This result indicated that the bulky HRP molecules might hinder biotin-AC5-hydrazide from reaching close proximity to the aldehyde groups in the dextran backbone.
Therefore, biotin-AC5-hydrazide was first reacted with the oxidized dextran, so that a sufficient amount of both HRP and biotin molecules could be incorporated into the dextran backbone in the aqueous medium. The product of the non-reduced dextran containing HRP and biotin was treated with sodium borohydride for reductive amination to provide the reduced dextran-HRP-biotin probe.
Purification of the product was performed by ultrafiltration for different molecular sizes.
The purity of the synthesized dextran-HRP-biotin probes was checked by gel filtration liquid chromatography. Two UV peaks were identified as the HRP moiety bound to the macromolecular probe at the retention times of 11 -15 min and free HRP at 16.5 min, respectively (Fig. 2) . From the peak areas of free HRP and the respective macromolecular probe, the amount of HRP incorporated into the probe was calculated ( Table 1 ). The higher concentration of HRP was used for the synthesis; larger amounts of HRP were bound to the macromolecular probe. Approximately 40% of the HRP amounts used were incorporated into the non-reduced probe (probes 1 -5 in Table 1 ). The amount of the incorporated HRP slightly decreased by the reductive reaction (probe 6), indicating that hydrolysis of the bond between HRP and dextran backbone would occur during the reductive amination in water. The amount of biotin incorporated in the macromolecular probe was calculated by a method 17 using HABA and avidin. The results demonstrate that the amount of biotin incorporated in the probe decreases with increased amounts of HRP incorporated (probes 1 -3 in Table 1 ).
However, the incorporated amounts of biotin markedly increased by using higher amounts of biotin-AC5-hydrazide, although the HRP content in the macromolecule remained almost unchanged (probes 3 -5).
Enzymatic activity of HRP incorporated in the probe
CL-imaging detection of the synthesized dextran-HRP-biotin probes was carried out on a nylon membrane in order to check their enzymatic activity (Fig. 3) . CL signals were proportional to the amounts of each dextran-HRP-biotin probe spotted onto the nylon membrane. The CL intensity of each probe (lanes 1 -3 in Fig. 3 ) increased with higher amounts of HRP incorporated into the macromolecular probe. The probes containing almost the same amounts of HRP produced almost identical CL signals (lanes 3 -5). These results indicate that the catalytic activity of HRP incorporated into the probe can be retained, even after a reductive treatment with sodium borohydride (lane 6). The non-reduced dextran-HRP40-biotin15 probe (lane 3) showed about 50-times higher CL intensities compared to a commercially available b-HRP (lane 7); lower detection limit of the probe was approximately 12.5 amol. These results indicate that the present synthetic method is usable for the incorporation of multiple HRP molecules into the dextran macromolecule without losing its catalytic activity.
CL detection of biotin-conjugated antibody
We used the synthesized probes for the detection of biotin-conjugated anti-rabbit IgG goat antibody blotted on a nylon membrane. The CL intensity was proportional to the amount of b-Ab in the range of 25 -100 fmol/spot (Figs. 4A and 4B). In contrast, there was no CL signal, as expected for the non-biotin-labeled antibody, even with 20-times larger amounts than that of b-Ab. These results suggest that the synthesized probes can detect biotin-conjugated proteins by forming an assembly of the b-Ab, dextran-HRP-biotin probe and streptavidin. There were no significant differences in the detection sensitivity between the non-reduced and reduced probes, although the reduced probe showed a slightly lower background signal. The detection efficiency of the probes was compared with the commercially available b-HRP. The CL signals of b-Ab obtained by using synthesized probes were at least 10-times stronger than that obtained by using b-HRP (Fig. 4) . When the HRP-labeled dextran probe was used, a higher concentration ratio of streptavidin to the dextran-based probe than b-HRP was required to form the assembly because of the interaction between streptavidin and many biotin moieties in the dextran probe.
The assay sensitivity with b-HRP might almost be the same as that with b-ALP or HRP-SA, because these probes contain one molecule of the signal-triggering enzyme in the probe molecule. On the other hand, the synthesized dextran-based probes had multiple HRP and biotin molecules in the probe macromolecule, and thus provided greater signal amplification by the formation of a large assembly in the presence of streptavidin.
CL detection of mrPrP
In order to confirm the utility of our synthesized probes, we detected mrPrP adsorbed on a nylon membrane. As shown in Figs. 1B and 5, the CL-imaging signals indicated a linear relationship between the intensity and the amount of mrPrP blotted on the nylon membrane, and the detection limit of mrPrP at 3 of the signal per noise ratio was found to be approximately 20 fmol/spot. We successively calibrated the amounts of mrPrP in the range of 25 to 400 fmol/spot on the membrane (y = 4186x -102129, r 2 = 0.9989, 4.2 -8.5% relative standard deviation for the signals on each spot (n = 3); y and x indicate the CL intensity and the protein amount on the membrane, respectively). The synthesized probe was 10-times more sensitive than the conventional b-HRP for the detection of mrPrP adsorbed on the membrane. Thus, this method will be applied to the determination of PrP in brain tissues. For measurements of PrP, the interferences would occur due to many biological components in the brain homogenate. The important phenomenon in TSE is the conformational change of the host-encoded cellular PrP into a protease-resistant Dextran-HRP4-biotin90 (non-reduced) Dextran-HRP9-biotin50 (non-reduced) Dextran-HRP40-biotin15 (non-reduced) Dextran-HRP45-biotin125 (non-reduced) Dextran-HRP42-biotin210 (non-reduced) Dextran-HRP36-biotin175 (reduced) a. Molar equivalent of HRP or biotin-AC5-hydrazide to dextran used for synthesis. pathological isoform, named PrP Sc . However, PrP involving PrP Sc could be detected by using the b-HRP probe under appropriate conditions for sample treatment, blocking and washing the membrane. 7 For the detection of PrP Sc , problems related to sample preparation will be overcome by digestion with proteinase K, followed by heating the sample and separating the PrPSc aggregates from the solution. 7, 18, 19 Thus, we will apply this proposed method to the determination of PrP in mouse brain tissue.
Conclusions
Facile syntheses of dextran-based probes containing multiple molecules of HRP and biotin could be performed under mild reaction conditions. A large number of HRP was incorporated into the macromolecule, and showed strong CL signals, thus confirming that the synthesized probes did not lose the catalytic activity of HRP. The synthetic route proposed in this study will be useful for developing other functional macromolecular probes incorporated with a number of other enzymes. The present quantitative assay method using the dextran-HRP-biotin probe provided a significant improvement of the sensitivity in the CL detection of the PrP. As low as 20 fmol of PrP was successfully detected on a nylon membrane with the dextran-HRP-biotin probe, which is approximately 10-times more sensitive than detection with conventional b-HRP. Therefore, the synthesized probe should be useful for high-throughput detection not only of prion proteins, but also of other proteins associated with different pathologies.
